Left circumflex coronary blood flow (CBF) was measured in eight mongrel dogs with 8 MHz continuous wave Doppler flow transducers during classical aversive conditioning. The cardiovascular condition response consisted of significant (P < 0.01) increases in: (1) mean aortic pressure (16.1%), (2) d(left ventricular pressure)/dt (64.2%), and (3) heart rate (63.2%). The coronary vascular response to behavioral stress consisted of an initial late diastolic decrease in CBF (12.5%) between 5 and 10 seconds after conditional stimulus onset, followed by a significant increase in CBF (96.8%). Concurrently, late diastolic coronary vascular resistance (CVR) first significantly increased (21.9%), then significantly decreased (39.8%). The increase in CVR was attenuated by cardiac pacing and converted into a significant decrease after a-receptor blockade. The decrease in CVR was reduced either by cardiac pacing or cardioselective ^-receptor blockade and eliminated by the combination of a-and /J-receptor blockade. Thus, these data indicate that the coronary vascular response to stress consisted of two components: an initial o-adrenergic coronary vasoconstriction, followed by a more complex vasodilation which was probably mediated by metabolites released secondarily to increases in heart rate and inotropic state. Circ Res 48: [214][215][216][217][218][219][220][221][222][223] 1981 WHEN an organism faces an unpleasant or lifethreatening situation, a variety of circulatory adjustments must be made to either fight or flee the danger. Important adaptations must occur at the heart, particularly the coronary vessels, so that the increased nutritive demands of the organism can be matched immediately without impairing cardiac function. Thus the survival benefits of a rapidly responding coronary vascular system cannot be understated. Yet, in spite of the importance of this response system, very little information is available on the mechanism(s) mediating the coronary vascular response to emotional stress.
Mechanisms Mediating the Coronary Vascular Response to Behavioral Stress in the Dog
GEORGE E. BILLMAN AND DAVID C. RANDALL SUMMARY Left circumflex coronary blood flow (CBF) was measured in eight mongrel dogs with 8 MHz continuous wave Doppler flow transducers during classical aversive conditioning. The cardiovascular condition response consisted of significant (P < 0.01) increases in: (1) mean aortic pressure (16.1%), (2) d(left ventricular pressure)/dt (64.2%), and (3) heart rate (63.2%). The coronary vascular response to behavioral stress consisted of an initial late diastolic decrease in CBF (12.5%) between 5 and 10 seconds after conditional stimulus onset, followed by a significant increase in CBF (96.8%). Concurrently, late diastolic coronary vascular resistance (CVR) first significantly increased (21.9%), then significantly decreased (39.8%). The increase in CVR was attenuated by cardiac pacing and converted into a significant decrease after a-receptor blockade. The decrease in CVR was reduced either by cardiac pacing or cardioselective ^-receptor blockade and eliminated by the combination of a-and /J-receptor blockade. Thus, these data indicate that the coronary vascular response to stress consisted of two components: an initial o-adrenergic coronary vasoconstriction, followed by a more complex vasodilation which was probably mediated by metabolites released secondarily to increases in heart rate and inotropic state. Circ Res 48: [214] [215] [216] [217] [218] [219] [220] [221] [222] [223] 1981 WHEN an organism faces an unpleasant or lifethreatening situation, a variety of circulatory adjustments must be made to either fight or flee the danger. Important adaptations must occur at the heart, particularly the coronary vessels, so that the increased nutritive demands of the organism can be matched immediately without impairing cardiac function. Thus the survival benefits of a rapidly responding coronary vascular system cannot be understated. Yet, in spite of the importance of this response system, very little information is available on the mechanism(s) mediating the coronary vascular response to emotional stress. Excitatory stimuli have been demonstrated to produce intense activation of the sympathetic nervous system (Cohen and Obrist, 1975) . Sympathetic stimulation of the myocardium indirectly affects coronary vessel diameter by increases in the chronotropic and inotropic state of the heart. These, in turn, increase myocardial oxygen consumption and thereby increase coronary blood flow (CBF), presumably through the release of vasodilatory metabolites (Rubio and Berne, 1975) . The task of characterizing the direct sympathetic control of coronary vascular diameter is complicated since coronary smooth muscle contains both a-and yS-adre-nergic receptors which produce vasoconstriction and vasodilation, respectively (Ross, 1976) . It appears, however, that «-receptor mechanisms dominate the adrenergic control of the coronary circulation (Feigl, 1967; Hamilton and Feigl, 1976; Mohrman and Feigl, 1978) .
With regard to the conscious animal, Rayford et al. (1965) were the first to describe the coronary vascular response to excitatory stimuli. They found that loud noises or a sudden squirt of ice water to the animal's face elicited a large and immediate increase in mean CBF per minute. Coronary flow per beat, however, initially decreased and then increased above control values. Several investigators Bergamaschi et al, 1973a Bergamaschi et al, , 1973b and Von Restorff and Bassenge, 1976) have since demonstrated that increases in both inotropic state and heart rate significantly contribute to the emotionally induced increases in CBF. However, the studies failed to assess the sympathetic control of the coronary vascular smooth muscle.
Recently, Ernst et al. (1979) trained dogs to decrease mean CBF by at least 20% in order to avoid an electrical shock. Although these experiments were not designed to investigate the neural control of the coronary circulation, one may infer that a neurally mediated coronary vasoconstriction could be involved in this avoidance behavior. Therefore, the purpose of this study was 2-fold: (1) to describe the coronary vascular response to behavioral stress in the intact unanesthetized dog, and (2) to determine the mechanism(s) mediating this reaction.
Methods
The protocol consisted of three stages: (1) training, which includes an adaptation period followed by classical aversive conditioning, (2) instrumentation, entailing the surgical implantation of cardiovascular transducers, and (3) testing, consisting of the data acquisition and analysis.
Training

Adaptation
Eight mongrel dogs (five male, three female), weighing 14-30 kg, were trained to sit quietly within an isolation chamber-restraint system designed by Anderson et al. (1970) . The subjects were placed in the light and sound attenuated chamber for 2 hours daily (range, 5-16 days). The activity of the subjects was monitored by closed circuit television.
Classical Conditioning
A classical aversive conditioning paradigm was employed as a model of controlled stress. The paradigm consisted of two 30-second tones: a conditional stimulus (CS+) reinforced with a 2-8 mA pulsed DC shock lasting 1 second, and a discriminative stimulus (CS-) which was nonreinforced. The electrical shock was administered immediately after each CS+ between two stainless steel electrodes placed on the right and left sides of the abdomen. The shock employed in each animal was the smallest current which always evoked an unconditional response consisting of overt movement and tachycardia (a change in rate of at least 20 beats/min).
The tones were presented in a random order, two to three times each, during the daily conditioning sessions. The mean intertrial interval was 5.5 minutes (range, 2-16 minutes). The animals were divided into two counterbalanced groups during training (i.e., half received tone "A," a pulsed 3.4 kHz. tone as the CS+, while the remaining half received tone "B," a non-pulsed 3.4 kHz. tone as the CS+; vice versa for CS-). Electrodes were placed on the skin in the upper right and left lateral chest wall and the lower left abdominal wall to record the ECG. Heart rate was recorded on a Beckman model R Dynograph using a cardiotachometer triggered by lead II of the ECG. Conditioning was considered to be complete when the presentation of CS+, but never the CS-, consistently evoked a heart rate increase.
Instrumentation
Surgery was performed after training, under aseptic conditions. Anesthesia was induced with thiopental sodium (Pentothal, Abbott Laboratories, (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) iv) . The heart was exposed through a left thoracotomy in the 4th intercostal space. Heparinized saline-filled catheters were placed in the descending aorta via the left subclavian artery and in the right (n = 3) or left (n = 5) atrium through the atrial appendage to measure arterial pressure and infuse drugs, respectively. A solid state pressure transducer (Konigsberg Instruments model P19) was placed in the left ventricle through an apical stab wound and secured with a purse-string suture.
The left circumflex coronary artery (LCC) was dissected free from the surrounding epicardial fat pad and an 8 MHz continuous wave Doppler flow transducer was placed around the artery. Care was taken not to damage the pericoronary nerves. The coronary flow transducers were fabricated using the Franklin-Van Citters technique . A balloon occluder also was placed around the artery distal to the flow probe (inflation provided zero flow values). A pair of Teflon-coated stainless steel pacemaker wires was sutured to the epicardial layers of the left atrium and ventricle, respectively. The catheters and electrical leads were placed in a small dacron polyester pouch which, in turn, was placed subcutaneously in the intrascapular region of the animal's back.
The animals were given 20 mg of pentazocine lactate (Talwin, Winthrop Laboratories) every 8 hours for the first 36 hours to control postoperative pain. After a 2-to 3-day recovery period, conditioning resumed and continued until testing began 2 weeks after the surgery. The subjects were healthy and fully recovered from the surgical stress, exhibiting no overt signs of infection. Testing began only after each animal's "resting" heart rate had returned to pre-surgical values and, if previously present, a sinus arrhythmia reappeared.
Testing
Experimental Protocol
The subcutaneous pouch was opened 24-28 hours prior to testing. The animal was tranquilized with 2-3 ml of Innovar-Vet IM (0.4 mg fentanyl citrate and 20 mg Chlorperidol/ml, Pitman-Moore, Inc.). Local anesthesia was produced with 1.0 ml 2% lidocaine HC1 (Xylocaine, Astra Pharmaceutical Products, Inc.).
Two presentations of both the CS+ and CSwere given during each test treatment. Control (untreated) responses were obtained at the beginning of each experimental session. The mechanism(s) mediating these responses were then systematically investigated, using the treatment schedule described below (see Table 1 ). First, cardiac pacing at 180 beats/min (a heart rate level above the maximal increase seen during CS+ presentation) eliminated the metabolic and mechanical contributions of changes in heart rate to the coronary conditional response (CR). Next, cardioselective /? (i.e., /?1) blockade with metoprolol HC1 (Lopressor, Ciba Geigy Co.), 1.5 mg/kg, iv, removed the indirect effort of an increased inotropic state on CBF. The /? agonist, isoproterenol HC1 (Isuprel, Winthrop Laboratories), 2.0 jug/kg, iv, was injected before and after the /? block to confirm the completeness of blockade. This metoprolol dose eliminated the inotropic effects of isoproterenol without completely blocking the heart rate responses. Isoproterenol also was given at the end of the experimental session as a final check of blockade effectiveness. Pacing then was combined with the cardioselective /? block- Same as day 2 + AB + CBB AB + CBB + pace CBB = cardioselective fi block, 1.5 mg/kg metoprolol HC1, iv; TBB = total /I block, 1.0 mg/kg propranolol HC1. iv; AB = «, 1.0 mg/kg phentolamine mesylate, iv.
ade, thereby removing all the metabolic (indirect) components of the coronary vascular response to stress. On a subsequent day, complete /2-receptor blockade was induced with propranolol HC1 (Inderal, Ayerest Laboratories, 1 mg/kg, iv. Blockade was tested as above.
After a 24-hour recovery period, the a-receptor antagonist, phentolamine mesylate (Regitine, Ciba Pharmaceutical Co.) 1 mg/kg, iv, was given alone and in combination with cardiac pacing. The a agonist, phenylephrine HC1 (NeoSynephrine, Winthrop Laboratories) 1.0 /xg/kg, iv, was given before and after a blockade. The effectiveness of the a block was double-checked at the end of the experimental session. During a subsequent testing session, /S blockade (metoprolol) was combined with the a blockade, singly and in combination with pacing. The subjects were allowed a 48-hour recovery period and then the experiments were repeated. At the beginning of each testing session (except the first), a and B agonists also were given to check for residual effects of the previous day's drug treatments. The experimental session was postponed if the subject had not recovered from the effects of prior drug treatment.
Data Acquisition and Analysis
All data were recorded on a Beckman type RM Dynograph and a 16-channel FM Ampex tape system model FR 3020. The coronary blood flow signal was processed using a Doppler flow telemetry and discriminator system described by Vatner et al. (1971) . A Fischer model 220 FM tuner acted as the receiver. Arterial pressure was measured using a saline-filled catheter and a Microdot MS 10 B transducer. Coronary vascular resistance was calculated using the formula:CVR ld = AP/CBF, d , where CVR = coronary vascular resistance, CBF = coronary blood flow, AP = diastolic aortic pressure, and Id = late diastolic. Late diastolic CBF was defined as the value obtained at the onset of atrial contraction (P wave of ECG). All resistance data are reported as mm Hg/ml per min. The coronary flow transducers were calibrated in situ by the method of Vatner et al. (1973) .
The data were summarized for each 5-second interval beginning 30 seconds preceding the CS and continuing 30 seconds after CS termination (a total of 90 seconds). Only one set of summary values (eighteen 5-second intervals) was taken from each animal for each treatment type; these values were obtained by averaging all presentations of the CS+ or CS-given the subject during a particular treatment type. The average treatment results then were analyzed with a SAS program (Barr et al., 1979) employing an IBM 370 computer. Multifactoral analyses of variances (ANOVA) for repeated measures were performed. Post-hoc statistical testing was provided by Newman-Keul's multiple range test (Winer, 1971) . Specific ANOVA's compared:
(1) changes in the 5-second interval summaries within a given trial (i.e., the changes during CS presentation were compared with the pre-and poststimulus values) using a 3 X 6 factoral design (time x trial), (2) the CS+ response to the CS-response using a 2 x 3 X 6 factoral design (tone X time X trials), and (3) the control (untreated) CR with each treatment, a 2 x 2 X 6 factoral design, (treatment x time x trial). Time and trial were defined as the pre-, during, and post-CS intervals and 5-second summaries, respectively. An ANOVA was also performed comparing the control CS+ from each day of testing, a 4 X 3 X 6 factoral design, (day X time X trial). All significance is reported at the level of P < 0.01.
Results
Control Conditional and Unconditional Cardiovascular Responses
Presentation of the CS+, but not the CS-, produced a characteristic conditional cardiovascular response pattern. In fact, no significant change in any cardiovascular variable was ever associated with the CS-, regardless of whether tone "A" or "B" was used. Typical recordings for both the CS+ and the CS-are presented in Figure 1 . Note the relatively low pre-CS heart rates, as well as the presence of a sinus arrhythmia.
In seven of the eight subjects, the conditional response was similar to that seen in Figure 1 . However, the remaining animal displayed an atypical response consisting of immediate decreases in HR (30.5%), d(LVP)dt (14.6%), and mean CBF (33.3%). Conversely, CVR gradually increased throughout CS+ presentation, reaching a maximum value of 25 seconds (44.6%). The unconditional response (UCR) was similar for all the subjects, consisting of increases in HR and CBF, accompanied by decreases in CVR. The inclusion of the atypical subject did not significantly alter the form or magnitude of the conditional response. Therefore, all subsequent presentations of the data will include this animal. Control composite graph for all subjects during CS+ presentation. "*" indicates significant difference (P < 0.01) from each 5-second interval value (shown for late diastolic coronary vascular resistance only). Note significant CVR increase followed by significant decrease. Error bars are not shown for clarity sake. HR = heart rate, LVP = left ventricular pressure, AP = mean aortic pressure, CVR 1. dia. = late diastolic coronary vascular resistance.
The control data for all subjects (n = 8) are presented in Figure 2 . Late diastolic CVR, HR, d(LVP)/dt, and mean AP are presented in a composite graph in this and subsequent figures; the SEM bars were omitted for the sake of clarity. Heart rate, d(LVP)dt, and mean AP increased by 63.2%,-64.2%, and 16.1%, respectively. Significant differences (P < 0.01) in CVR from each of the pre-CS 5-second intervals are indicated by an asterisk. Late diastolic CVR significantly increased above each pre-CS 5second interval value between 5 and 10 seconds. Late diastolic CBF (not shown), conversely, decreased (by 12.5%) between 5 and 10 seconds and then significantly increased (by 98.6%) by 15 seconds. The large increases in CBF and decreases in CVR paralleled the increases in mean AP and d(LVP)/dt. The data for all the treatment types are presented in Tables 2 and 3 . An asterisk indicates which values were significantly different from each pre-CS+ value. There was no significant day effect (F = 0.27), which indicates that neither repeated presentation over the period investigated (4 days) nor carryover effects from the previous day's testing could be demonstrated on the control CR. A more detailed analysis of the control conditional response is reported elsewhere (Billman and Randall, 1980) .
Effect of Cardiac Pacing on Conditional Response
Cardiac pacing (180.0 ± 0.9 beats/min) removed the indirect effects of HR changes on the coronary vascular response to stress. The average response for all subjects (n = 7) is found in Figure 3 . The hemodynamic CR during HR pacing was similar to VOL.48, NO. 2, FEBURARY 1981 Data presented for last pre-CS+. all CS+, and first post-CS+ 5-second interval values. An * indicates significant differences (P < 0.01) from each pre-CS 5-second interval. A + indicates significant difference {P < 0.01) between the control and treatment pre-CS late diastolic CVK. Data reported as mean ± SKM. CBB = cardioselective /ireceptor blockade; AB = n-receptor blockade. that seen in the untreated (control) situation. However, the coronary vascular response was altered; both the CVR and CBF changes were delayed by approximately 10-15 seconds before significant differences could be noted (CVR decreased by 21.3%, whereas CBF increased by 40.6%). The early CVR increase also was eliminated by cardiac pacing. Significant changes were seen in all the cardiovascular variables with the exception of HR (Tables 2  and 3 ). Furthermore, comparisons of the control and cardiac pacing treatments revealed a significant pace x time X trial interaction effect (F = 3.20, P < 0.01) on the coronary CR; that is, cardiac pacing altered the form of the CR. The pre-CS coronary resistance values also were significantly reduced by cardiac pacing (Table 2) .
Effect of Cardioselective /3-Blockade on Conditional Response
Cardioselective /? blockade (CBB) with metoprolol HC1 effectively eliminated the effects of /M receptor stimulation (reflected in d(LVP)/dt increases) on the coronary vascular response to stress. The dose of metoprolol blocked the d(LVP)/dt increase associated with isoproterenol infusion without complete elimination of the HR response. The remaining HR increase associated with isoproterenol infusion correlated with an arterial pressure decrease, and as such probably reflects the reflex withdrawal of parasympathetic tone. The average data for all subjects (n = 7) are shown in Figure 4 . With the exception of d(LVP)/dt and HR, the CBB conditional response was similar to the untreated (control) state with initial increases in late diastolic CVR followed by decreases (Tables 2 and 3 ). The coronary CR was composed of a significant increase in late diastolic CVR between 5 and 10 seconds (19.9%), which was followed by a significant decrease (16.7%) by 20 seconds. Conversely, late diastoloc CBF first decreased (10.5% by 10 seconds), then significantly increased (30.2% by 20 seconds).
There were no significant drug X trial x time interaction effects on the coronary vascular CR (F = 0.32); i.e., the form of the response was not altered by this drug treatment although the overall CVR decrease was reduced. Metoprolol did, however, significantly increase the pre-CS late diastolic CVR values (Table 2) . Data for last pre-CS+, all CS+, and first post-CS+ 5-second interval values. An * indicates significant difference (P < 0.01) from each pre-CS 5-second interval value. Data reported as mean ± SEM. CBB = cardioselective fireceptor blockade; AB = u-receptor blockade; dd-VPI/dt = first derivative with respect to time of left ventricular pressure.
Effects of Cardioselective P Blockade Plus Pacing on Conditional Response
Cardioselective /? blockade in combination with cardiac pacing (176.6 ± 3.4 beats/min) removes the effects of changes in both heart rate and inotropic state on the coronary vascular response associated with behavioral stress. Thus, the direct neural inputs on the coronary vascular smooth muscle should become apparent. The grouped data (n = 7) are presented in Figure 5 . CS+ presentation resulted in a significant increase (Tables 2 and 3) in mean AP without affecting HR and d(LVP)/dt. The coronary CR was similar to that seen in the untreated situation, consisting of: (1) a significant increase in late diastolic CVR (24.9%) between 5 and 10 seconds, followed by a decrease which did not reach significance until 25 seconds after tone onset (13.5% decrease); and (2) a late diastolic CBF decrease (13.8%), followed by an increase reaching significance by 20 seconds (29.5%)
Comparison of the treated (CBB + pace) with the untreated control conditional response revealed that, although the baseline levels of CVR and CBF were different (Table 2) , there was no significant difference in the CR form (F = 1.07, drug x trial x time interaction). 
Effect of a Blockade on Conditional Response
Phentolamine mesylate eliminates the effects of vascular a-receptor activation during behavioral stress. The cardiovascular and coronary responses are summarized for all the animals (n = 7) in Figure  6 .
The hemodynamic CR was similar to the control CR, though one should note that the pre-CS values for HR and AP differed from the untreated levels. HR, for instance, increased by 22.9% (from 112.6 to 136.4 beats/min; not significant by paired £-test), whereas AP decreased by 18.9% (from 93.2 to 75.6 mm Hg, t = 5.15, P < 0.01). There was a significant change in all the variables during CS+ presentation ( Tables 2 and 3 ). Presentation of the CS+ resulted in an immediate and significant decrease in late diastolic CVR, which decreased maximally (36.4%) 20 to 25 seconds after CS onset. Conversely, late diastolic CBF immediately and significantly increased (55.1%), peaking between 25 and 30 seconds. Interestingly, the animal which displayed an atypical CR (decreased HR with increased CVR) also exhibited this CBF increase and CVR decrease after a blockade. In this subject, HR still decreased by 23.6% in response to CS+ onset but, in contrast to the control (untreated) situation, CBF and CVR immediately increased by 37.2% and decreased by 30.2%, respectively. There was a significant drug x time x trial interaction (F = 2.51, P < 0.01), indicating that the form of the response was different from that seen during control. The pre-CS levels of late diastolic CVR were reduced, but not significantly, from control values (Table 2) .
a-Receptor Blockade Plus Cardiac Pacing
The combination of a-receptor blockade and cardiac pacing (n = 4) profoundly altered the coronary CR. Late diastolic CVR significantly decreased only after a 20-second delay, whereas late diastolic CBF increased significantly only after electric shock delivery (Fig. 7) .
The UCR was similar under each listed condition, consisting of small increases in mean AP, CBF, and HR, accompanied by a CVR decrease. The coronary vascular response to CS+ presentation was significantly different from the CS-response for all the treatment types described above. Total /?-receptor blockade, as well as a-plus cardioselective /^-receptor blockade were also presented alone and in combination with cardiac pacing (unpublished observations). Discussion These experiments present the first systematic assessment of the mechanisms mediating the coronary vascular response to a well-defined behavioral stress. In contrast to earlier investigation, differentiation between the direct (input on the coronary smooth muscle) and the indirect (changes in CBF secondary to increased myocardial oxygen demand) effects of cardiac neural activation was made possible by the application of specific pharmacological blocking agents, alone and in combination with cardiac pacing. The evaluation was further facilitated by using a model of stress that evoked the same cardiovascular response to every CS+ presentation and that lasted long enough to distinguish between the CR components.
Continuous wave Doppler flow transducers were used to assess left circumflex CBF, a method that has been demonstrated to be both reliable and accurate (Vatner et al., 1979b) . Furthermore, the coronary flow values obtained in this study were similar to those previously obtained in conscious animals Vatner et al., 1970a) . The mean pre-CS heart rate (111.6 ± 27.2 beats/min) was also comparable to or less than values reported for conscious dogs in previous investigations . Thus, both the HR and CBF measurements indicate the reliabilility of the physiological model used in this investigation. The systemic hemodynamic CR consisting of increases in HR, d(LVP)/dt, and mean AP was not different from previously reported findings (Cohen and Obrist, 1975) .
The Conditional Increase in Coronary Vascular Resistance
The coronary flow pattern to stress reported here was reminiscent of that described in previous investigations, particularly in response to noise (Rayford et al., 1965; Bergamaschi et al, 1973a Bergamaschi et al, , 1973b Von Restorff and Bassenge, 1976) . Coronary vascular resistance significantly increased between 5 and 10 seconds after CS+ onset in each of the following test situations-control, CBB, CBB + pace, and TBB. After pretreatment with an a-receptor antagonist, the CVR increase was converted to an immediate and significant decrease, whereas CBF immediately and significantly increased (compare Fig. 2 with Fig. 5) . Interestingly, the subject with the atypical HR conditional response was affected similarly by a-receptor blockade. In the untreated situation the coronary CR for this animal consisted of an immediate decrease in CBF coupled with an increase in CVR (which peaked prior to electrical shock delivery). After a-receptor blockade, however, CVR immediately decreased and CBF immediately increased. This occurred in spite of decreases in HR, d(LVP)/dt, and mean AP, which would have been expected to produce the opposite effects on CBF and CVR.
These data strongly suggest that behavioral stress results in a neurally mediated activation of the coronary a-receptors, ultimately producing a coronary vasoconstriction (CVR increase). In fact, the one exceptional animal normally (unblocked) exhibited a sustained (30 seconds), neurally mediated coronary vasoconstriction. The vasoconstriction, in addition, actively suppressed an initial rapid vasodilation (unmasked by a-blockade) which probably was mediated by the release of metabolites. In support of the latter conclusion, a-mediated override of metabolic vasodilation has been demonstrated in anesthetized dogs, counteracting as much as 30% of the coronary vasodilation (Mohrman and Feigl, 1978) . Alpha-mediated vasoconstriction has been demonstrated during isometric (Aung-Din et al., 1979) and dynamic (Murray and Vatner, 1979) exercise, as well as during the administration of the cold pressor test (Mudge et al, 1979) . Furthermore, Ernst et al, (1979) have demonstrated that momentary CBF impairment can be operantly conditioned (shock avoidance), which further demonstrates the responsiveness of the coronary vasculature to emotionally stressful situations.
Cardiac pacing attenuated the a-mediated vasoconstriction. Two explanations are possible for this observation, namely, "metabolic override" and/or reflex withdrawal of a vasoconstrictor tonus from the coronary vasculature. It has been demonstrated recently that cardiac pacing results in an immediate decrease in the resting a constrictor tonus on the coronary vasculature (Ricci et al, 1977) . However, the fact that a significant CVR increase reappeared during CBB + pace, but not during pace alone, reduces the probability that this mechanism has a major role in the pace-induced CVR attenuation. Cardiac pacing increases the oxygen demand of the myocardium; as a result, more metabolites probably are released (Rubio and Berne, 1975) , specifically adenosine. Adenosine has been demonstrated to VOL. 48, No. 2, FEBURARY 1981 have a dose-dependent inhibitory effect on catecholamine release from adrenergic neurons innervating vascular smooth muscle (Verhaeghe et al., 1977; Maylan and Westfall, 1979) . Presumably, more metabolites are released during cardiac pacing, but there are smaller changes in metabolite concentrations when both heart rate and contractility are controlled than when heart rate alone is held constant. Thus, the adenosine dose-dependent inhibition of adrenergic neurotransmission may explain the appearance of a significant CVR increase during CBB + pace, but not during pace alone.
The Conditional Decrease in Coronary Vascular Resistance
The mechanisms mediating the conditional CVR decrease (CBF increase) are more complex than those producing the CVR increase. It appears that the increased CBF resulted from metabolic rather than direct neurogenic influences on the coronary vascular smooth muscle. In other words, the increased oxygen demand (sympathetic stimulation of the myocardium) produced changes in the tissue environment which led to coronary vasodilation. The CVR decrease and CBF increase were not eliminated by total blockade but was eliminated by the combination of a and cardioselective /? blockade. In the latter situation, any cholinergic or /?-2 adrenergic-mediated vasodilation should be identifiable. Since no significant change in either CBF or CVR occurred, one may conclude that neither neurogenic mechanism was involved in this portion of the coronary vascular response to behavioral stress. In agreement with this conclusion, Hamilton and Feigl (1976) found that, in the anesthetized dog, the coronary /?-2 receptors were not functionally significant.
Since the CBF increase resulted neither from /?-2 receptor activation nor from cholinergic activation, what mediated this response? A combination of several factors probably was involved, each indirectly affecting the coronary vasculature through the release of metabolites. Increases in both heart rate and inotropic state produce significant decreases in CVR and increases in CBF (Rubio and Berne, 1975) . When heart rate was maintained at 180 beats/min, the CVR decrease associated with behavioral stress was smaller than that in the untreated condition. Similarly, /? blockade reduced the CVR decrease. It is difficult to determine the relative contribution of these factors on the coronary resistance decrease without directly measuring the coronary sinus metabolite concentration during each treatment. However, one may infer that HR increases may produce a larger CVR decrease than do positive inotropic effects. For instance, it appears that the stress-associated CVR decrease was reduced to a greater extent by controlling HR rather than d(LVP)/dt (compare Figs. 6 and 7) . In support of this thesis, and Von Restorff and Bassenge (1976) have shown that a much larger CVR decrease could be attributed to HR increase than could be demonstrated by positive inotropic interventions. One should note that the "law of initial values" may also explain the apparent differences in the HR and d(LVP)/dt contributions to the CVR decrease. Specifically, since cardiac pacing significantly reduced pre-CS coronary resistance, perhaps only a small additional coronary vasodilation was possible before a minimum CVR value was obtained. As a result, the actual contribution of cardiac contractility to the stress-related CVR decrease may have been underestimated.
The attenuation of CVR response to stress after pharmacological treatment was not the result of central neural effects of the drugs on the behavioral response, as mean AP changed significantly during CS+ presentation in all test situations described above. This demonstrates that the animals were definitely responding to the conditional stimulus. Furthermore, a recent study (Van Zwieten and Timmermans, 1979) indicates that the effects of metoprolol are not mediated through central neural /S receptors, but rather by the cardiac receptors. In addition, propranolol and phentolamine have been shown not to modify the shock avoidance (lever pressing) behavior of squirrel monkeys (Kelleher et al., 1972) .
In normal healthy individuals, the coronary vasoconstriction accompanying the cardiovascular response to stress probably does not seriously impair cardiac function. In individuals with coronary artery disease (CAD), however, any intervention which further impairs oxygen delivery to the myocardium may prove to be life-threatening. Thus the coronary vascular response to behavioral stress may have clinical implications in patients with a compromised coronary circulation. Mudge and co-workers (1979) have demonstrated recently that CAD patients exhibit a significantly greater CVR increase during the administration of the cold pressor test than normal controls. This increase could be prevented in three of the twelve CAD patients by phentolamine pretreatment.
Coronary vasospasm, which may be mediated by an a-adrenergic mechanism (Luchi et al., 1979) , could participate in, or even cause, some forms of CAD. Indeed, Marzilli and co-workers (1980) have proposed that "a single disease process of the coronary smooth muscle manifests earlier as an abnormal function causing vasospasm and then progresses to the development of atherosclerotic plaques and organic obstructions." If this conclusion is valid, then emotional stress may be one link in the chain of causation which ultimately results in CAD or, in severe cases, perhaps even sudden death. Emotional stress has been demonstrated in the present series of experiments to produce an amediated vasoconstriction. Thus, one might speculate that, given the proper conditions (e.g., a basic pH which potentiates the adrenergic vasoconstriction; Yasue et al., 1978) , emotional stress may produce a vasospastic occlusion of the vessel, which results in an acute infarction and sets the stage for injury-vasospasm and more ischemic damage.
In conclusion, these experiments demonstrated an a-adrenergic coronary vasoconstriction during a controlled behavioral stress. The coronary vascular response to classical aversive conditioning consisted of two distinct components: an early increase in CVR followed by a longer lasting decrease in CVR. The increase in CVR was mediated by the neural activation of coronary vascular smooth muscle a receptors, whereas the decrease in CVR appears to result from metabolites released secondarily to an increase in heart rate and contractile state. The coronary vasoconstriction associated with stress may be clinically significant, perphaps contributing to the formation of CAD.
